The relative influences of hydrologic processes and biogeochemistry on minor solutes were compared using groundwater samples collected beneath and adjacent to a reach of the Merced River (California, USA) that receives subsurface discharge enhanced by seasonal agricultural irrigation. Filtered groundwater samples were collected beneath the riverbed from 30 wells at different depths and riverbed locations in March, June, and October 2004. Hydrologic processes were inferred from specific conductance (SC) and bromine (Br) concentrations; manganese (Mn) was used as an indicator of redox conditions. The separate responses of the minor solutes strontium (Sr), barium (Ba), uranium (U), and phosphorus (P) to these influences were examined. Correlation and principal component analyses (PCA) indicate that hydrologic processes dominate the distribution of trace elements in the groundwater. Redox conditions appear to be independent of hydrologic processes and account for most of the remaining data 6 -2 variability. With some variability, major processes are consistent in two well transects separated by 100 m.
in oxidation state are not expected for Ba and P, but their dissolved concentrations are likely to be influenced by the precipitation or dissolution of other redox-active species, particularly Fe and Mn. Specifically, these elements are expected to sorb to solid Fe-and Mn-oxides and enter the dissolved phase when these oxide minerals dissolve. The transport of Sr is expected to be conservative and independent of redox processes, in contrast to that of U, Ba, and P.
FIELD SITE: THE MERCED RIVER
The geography of the Merced River is typical of the eastern San Joaquin Valley, California. Below two water-storage reservoirs, the lower Merced River flows west through productive agricultural land (Gronberg and Kratzer, 2007) . The field site was a reach approximately 20 km above the confluence with the San Joaquin River (Figure 1 ).
In this area, the land surface slopes westward from the Sierra Nevada with a slope of about 1-4 m km -1 (Phillips et al., 2007) . The semi-arid Mediterranean climate delivers 31 cm yr -1 of rainfall, mostly during winter, and necessitates summertime crop irrigation (Capel et al., 2008; Gronberg and Kratzer, 2007) . The yearly average flow is 19.4 m 3 s -1
at the confluence of the Merced and San Joaquin Rivers (Capel et al., 2008) .
Agricultural practices have substantially altered the hydrology of the lower Merced River. Water is retained upstream of the field site in multiple reservoirs, diverted for agricultural use, and returned via five irrigation canals to the lower section of the river (Gronberg and Kratzer, 2007) . Additional water is transported into the basin and applied to fields and orchards. Crops cover 55% of the lower Merced Basin (Capel et al., 2008) ; our field site is surrounded by an almond orchard, a field of feed corn, native vegetation, and a vineyard ( Figure 1 ).
Groundwater near the Merced River lies in a < 43 m thick surface aquifer that is composed of highly permeable, low organic carbon, medium-to coarse-grained sand (Capel et al., 2008) . The water table is approximately 6.5 m below ground surface (Domagalski et al., 2008b) . After entering the water table, irrigation water applied 1 km from the river has been observed to flow towards the Merced River with a travel time of about 30 years (Domagalski et al., 2008b) . A groundwater flow model for the lower Merced River region in the year 2000 (which was based on groundwater elevation measurements) indicates that surface recharge, mostly from irrigation, accounts for 76% of the total aquifer recharge and that 65% of the groundwater is discharged to the river.
Thus, local groundwater experiences a net gain that is discharged to the Merced River and then transported out of the basin (Phillips et al., 2007) . In other settings, altered hydrologic patterns affect solute transport and trace element mobility (e.g., Harvey et al., 2006; Kneeshaw et al., 2007) , and the same may be true at the Merced River.
The streambed sediment is sandy and subject to vigorous bedload transport (Zamora, 2008) . Flux across the streambed between groundwater and the Merced River ranges from -1.1·10 -7 to 5.9·10 -7 m 3 m -2 s -1 , where positive values indicate flow from the riverbed into the river. Groundwater generally flows to the Merced River (mean 1.8·10
-7 m 3 m -2 s -1 ) except during increased river flow (Essaid et al., 2008) . Hydraulic conductivity was calculated to be 1.2·10 -5 m 3 m -2 s -1 (Essaid et al., 2008) . Hyporheic exchange is not consistent spatially or temporally (Domagalski et al., 2008b) .
In the groundwater beneath the Merced River, reduction of O 2 , denitrification, and reduction of Mn 4+ and Fe 3+ have been characterized (Puckett et al., 2008) . The riverbed is much more reducing than the surrounding aquifer; denitrification has been observed as groundwater flows from the local aquifer into the riverbed (Domagalski et al., 2008b) .
Reduction of electron acceptors occurs because the residence time in the subsurface is long (Puckett et al., 2008) . There are no robust spatial patterns in the reduction of Mnand Fe-oxide minerals (Domagalski et al., 2008b) , possibly due to pockets of high organic carbon in the aquifer material (Puckett et al., 2008) , but reducing conditions appear stronger in the summertime (Domagalski et al., 2008b) .
METHODS

Field and Laboratory Procedures
Wells in "upstream" and "downstream" transects were installed 100 m apart at this field site (Figure 1 ). Each transect consists of five well locations (Figure 2 ), three of which, "northwest river", "center", and "southeast river", are evenly spaced across the river. Two additional well locations, "northwest riparian" and "southeast riparian", are about 5 m from the riverbank. At these locations, stainless steel drive point tips with 2 cm screened openings were installed 0.3 m, 0.5 m, and 3 m below the riverbed. These drive point tips were connected to Nylon tubing that was routed to the river bank (Capel et al., 2008 Samples were returned to the laboratory and analyzed using inductively-coupled plasma mass spectrometry (ICP-MS; Agilent 4500). Concentrations of Br, Mn, Sr, Ba, U, and P were quantified based on multi-element calibration solutions prepared from ICPgrade single element standards for Mn, Sr, Ba, U, P and an ion chromatography standard for Br (EMD Chemicals). Analytical detection limits (µM) were: 0.008 for U, 0.02 for Ba and Sr, 0.03 for Br, and 0.07 for P.
Dissolved organic carbon (DOC) measurements were made with a persulfate wet oxidation method that used a reaction in a gas-tight vessel and analysis by an Oceanography International (OI) Model 700 carbon analyzer (Aiken, 1992) . Samples were introduced into the reaction vessel by means of a fixed-volume sample loop. Linear instrument response was maintained by limiting sample mass to 50 µg C. A 0.5 mL aliquot of 5% v/v H 3 PO 4 was added to the sample, which was then purged with N 2 for 2.0 min and treated with 0.5 mL of 0.42 M sodium persulfate solution for 5 min.
Statistical Analyses
Three statistical methods were used to evaluate the data collected. A matrix of correlation estimates ("correlations") for the six measured elements was constructed using the software package R (The R Project for Statistical Computing). Errors of correlation estimates are assumed to have a normal distribution, which implies that the standard deviation (σ) of these errors is 1/√n, where n is the number of samples.
Correlations were deemed significant when they differed from zero by at least 2σ, The parameters included in the correlation analysis were fit to a linear regression model (created with R) in which Br was the single predictor variable and Mn, Sr, Ba, U, and P were the response variables. Regressions were not forced to pass through the origin.
The set of model residuals, which constitutes the variability not associated with Br, was added to the correlation analysis.
Principal component analysis quantifies the extent to which different parameters explain the variability of a data set (e.g., Báez-Cazull et al., 2008) . More general than analysis of residuals, PCA does not require the initial assignment of a predictor variable.
Instead, principal component vectors, linear combinations of parameters that are orthogonal to one another, describe the variance of the data set. Correlations of principal component scores are interpreted on the basis of scientific background knowledge.
Before PCA (using R), the data for the six measured elements were centered around zero by subtracting the mean of a parameter from every value of that parameter. They were then divided by the standard deviation for that parameter, a step that compensates for varying parameter ranges.
RESULTS AND DISCUSSION
Extensive agricultural irrigation in the Merced River basin has altered its hydrologic regime. The variability of the measured parameters in Merced River groundwater is illustrated by the summary of results shown in Table 1 . Statistical analyses help explain the effect of local hydrology on groundwater mixing, redox chemistry, and trace solutes in the riverbed subsurface. Groundwater mixing patterns and redox chemistry are inferred from SC, Br, and Mn data; these relationships will be explained here as a conceptual framework for the data that are presented and discussed in the following subsections.
Although synoptic sampling provides information only at fixed time points, comparison of groundwater chemistry at three sampling times and multiple locations within the study reach provides insight into separate groundwater sources and their mixing patterns. Specific conductance data can be used to characterize the major element composition of groundwater during each sampling event. Bromine measured by ICP-MS is assumed to correspond to bromide, a common conservative and non-reactive tracer (e.g., Green et al., 2005; Harvey et al., 2005) . Taken together, these data can be used to infer hydrologic processes beneath the Merced River.
Manganese is used as an indicator of redox state, which results from biogeochemical processes in the riverbed. In natural soils and sediments, Mn occurs nearly exclusively as solid Mn(III, IV) oxide minerals or as dissolved Mn(II) species.
Generally, Mn data from acidified samples analyzed by ICP-MS can be assumed to correspond to Mn 2+ concentrations. The kinetics of aqueous and surface-bound oxidation of Mn(II) by O 2 (aq) are very slow compared to the time required for groundwater sampling (Morgan, 2005; Davies and Morgan, 1989) . Hence, exposure to the atmosphere should not lead to artifacts in the Mn data.
In the aquatic environment, oxidized Mn exists as solid oxide minerals. These species dissolve upon accepting electrons from reduced chemical species, generally DOC.
On the basis of thermodynamics, microbes should reduce Mn oxides after dissolved oxygen and nitrate are depleted, though this sequence of electron-accepting processes is not always distinct (McGuire et al., 2002) . This redox chemistry controls dissolved Mn concentrations across oxic-anoxic gradients, which often correspond to depth gradients and are well-understood in the general case. Based on free-energy calculations and field measurements in marine and lake sediments, dissolved Mn is generally expected to be low in surficial (oxygenated) sediment and then to increase with depth as dissolved oxygen decreases.
Decreases in dissolved Mn at greater depths may result from precipitation of Mn minerals, such as rhodocrocite, MnCO 3 , and albandite, MnS (e.g., Trefry and Presley, 1982; Canfield et al., 1993) . However, precipitation reactions are not expected to influence observed Mn concentrations in this study. Groundwater samples were determined to be undersaturated by several orders of magnitude with respect to rhodocrocite (K s = 7.94x10 -5 ; Foulliac and Criaud, 1984) based on carbonate concentrations calculated from measured pH and alkalinity (Table A1 ). Sediment samples have very low concentrations of acid-volatile sulfide (Puckett et al. 2008) , and thus we expect that minimal precipitation of albandite, which is usually undersaturated even in sulfidic porewaters (e.g., Naylor et al., 2006) , has occurred.
Specific Conductance, Bromine, and Advective Patterns
Specific conductance values in Merced River groundwater ranged from 72 to 907 µS cm -1 at 298 K, and Br concentrations ranged from below the detection limit to 23.5 µM ( Table 1) . Values of SC in the river (i.e., surface water) were 136 µS cm -1 in March, 222 µS cm -1 in June, and 72 µS cm -1 in October; Br was not measured in surface water (Table 2) . The deepest wells range in SC from 96 to 611 µS cm -1 (mean = 374 µS cm and in SC from 220 to 420 µS cm -1 (mean 333 µS cm -1 ), whereas southeast riparian wells range in Br from 9.1 to 15.4 µM (mean = 11.9 µM) and in SC from 700 to 907 µS cm -1 (mean = 796 µS cm -1 ).
Spatial patterns in SC and Br data indicate significant differences between water sources. Values of SC in surface water are significantly lower (t-test, p < 0.05) than the deepest groundwater samples in each transect, an observation consistent with previous work showing that the Merced River generally gains water from local groundwater (Essaid et al., 2008; Phillips et al., 2007) . Furthermore, comparisons of riparian Br in each transect and of riparian SC in the downstream transect indicate that groundwater entering the riverbed from the northwest is significantly different (t-test, p < 0.01) from that entering from the southeast. While it is possible that surface water infiltration may dilute conservative tracers in the riparian wells, this process does not blur the differences between surface water and local aquifer groundwater. Thus, three separate sources appear to contribute water to the Merced River subsurface: surface water, the local aquifer to the northwest, and that to the southeast. During these comparisons, it is assumed that SC signature of groundwater entering the riverbed from the local aquifer does not change significantly in time during the sampling period, which is supported by measurements in the local aquifer northwest of the river (Domagalski et al. 2008b ; Table A2 ).
Concentrations of Br are significantly higher (t-test, p < 0.01) in both sets of upstream riparian wells relative to those downstream. This implies that, while each transect has three distinct groundwater sources, riverbed mixing patterns will be clearer upstream because of larger differences in Br between surface water and aquifer-derived groundwater. Furthermore, regional groundwater models confirm differences in flow between these two transects. At the upstream transect, water contributions are equal from both sides of the river; however, 70% of the riverbed groundwater comes from the southeast side at the downstream transect (Domagalski et al., 2008b) . Hence, riverbed groundwater mixing will be discussed separately for each transect here.
At all sampling times in the upstream transect, the center, shallow well has an SC value that is far closer to that of surface water than to that of any riparian well. Thus, water in this well must come from surface water, and surface water can be assumed to have Br values of < 2 µM. Bromine correlates strongly with SC (r = 0.715), allowing these two variables to be used as conservative tracers interchangeably. In the upstream transect, SC was not measured at several locations, so Br will be used to describe riverbed mixing here.
Surface water infiltration to the hyporheic zone at this site has been observed to be spatially variable (Domagalski et al., 2008b; Essaid et al., 2008 ), yet some trends can be isolated. Several well depths at the center and southeastern riverbed locations show Br values < 2 µM, which are significantly lower (t-test, p < 0.01) than those in riparian wells.
This trend is notably more prevalent in March than in October, where only the shallow well in the center of the river has SC and Br values nearer to those of surface water than to riparian wells. The opposite trend is true in the northwest river location, where Br concentrations are < 2 µM only in October. Thus, surface water infiltration occurs in the center and southeast river locations in March, only in the center location in June, and in the center and northwest river locations in October.
In the downstream transect, SC and Br again correlate strongly (r = 0.914). Here, lower concentrations of Br in the riparian wells complicate differentiation between surface water and local aquifer groundwater from the northwest. However, riparian SC data are more plentiful in this transect, so SC will be used to evaluate riverbed mixing.
Only a few SC measurements in the riverbed wells are much closer to the surface water than to either riparian location (Table 2) water hydraulic head led to surface water infiltration into the subsurface during this 4-week period (Essaid et al., 2008) . Riverbed groundwater has a long residence time due to low head differences with surface water (Puckett et al., 2008 , Essaid et al., 2008 . Thus, specific conductance in the subsurface did not recover for nearly two months after the spring high flow event. Furthermore, the decrease in SC at the 3 m depth due to surface water infiltration lags that at the 0.3 m depth by two months (Puckett et al., 2008 (Essaid et al., 2008; Domagalski et al., 2008b; Phillips et al., 2007) .
Manganese and Redox Conditions
In filtered samples, Mn ranges from below detection limit to 206.7 µM with high standard deviations and coefficients of variation in both transects (Table 1) , suggesting substantial heterogeneity in redox conditions. Its spatial and temporal patterns do not resemble those of the conservative tracers, but are generally similar to DOC, which ranges from 0.06 to 0.54 mM C (Table 4) . Subsurface dissolved oxygen is expected to be supplied by diffusion and infiltration from surface water. Manganese concentrations in filtered groundwater samples (Tables 1, 4 ) are generally greater than 1 µM, implying consumption of dissolved oxygen and reductive dissolution of Mn-oxide minerals. This is consistent with data showing total consumption of oxygen, denitrification, and reduction of Mn-and Fe-oxides (Puckett et al., 2008 ). Denitrification appears to remove the vast majority of nitrate entering the river subsurface from the northwest (Domagalski et al., 2008b) , implying that Mn and Fe reduction may be the dominant terminal electron accepting processes in much of the riverbed.
Maximum Mn frequently occurs in shallow wells, even though their proximity to the river bottom should allow for the maximal introduction of dissolved oxygen via diffusion or infiltration of surface water. Lower Mn concentrations in deeper wells are more likely to reflect decreased microbial activity since precipitation of reduced Mn solids is not expected (discussed above). However, DOC (Table 4) This finding is consistent with previous research that shows the hyporheic zone as an area of increased microbial activity (e.g., Harvey and Fuller, 1998) .
In March, the lowest Mn concentrations were observed in the wells at 1 m depth, except in the center of the river in the upstream transect. Data are not available for this depth in June, but in October, this trend is observed only in the center of the river. At all other wells, the lowest observed Mn concentrations are in the deepest (3 m) wells. 
Relative Influence of Hydrologic and Biogeochemical Processes
Since Mn is expected to reflect in situ biogeochemical processes, it is reasonable that its concentration in filtered samples does not correlate with that of Br, which represents hydrologic processes (e.g., conservative groundwater advection and mixing).
The variability in the data set due to hydrologic processes was removed by assigning Br as the predictor variable in a linear regression model. Model residuals correlate positively and very strongly with Mn (Table 3) .
Principal component analysis (Table 5) shows that Br and Mn correspond to distinct contributions to the data variability. In the upstream well transect, principal component (PC) 1 accounts for about 56% of the variability and shows a high score for Br and a score near 0 for Mn. In PC 2, the magnitude of these scores is reversed, though this PC accounts for ~24% of the variability. This trend is similar, but weaker, in the downstream transect. There, Br scores highly on PC 1 and Mn on PC 2. However, Mn and Br are not as close to 0 in PC 1 and PC 2, respectively, as in the upstream transect.
PC 1 accounts for ~50% of the variability and PC 2 for ~29% of the data variability, a slightly diminished difference from upstream. In the upstream and downstream transects, PC 3 accounts for ~11% and ~14% of the variability, respectively, and the magnitude of the Mn score is much greater than that of the Br score in each case.
Thus, hydrologic processes do not predict reducing conditions in this system.
Reducing conditions correlate very strongly with the data variability for which a linear model based on hydrologic processes do not account. Correlation analyses indicate that these two factors describe separate and exclusive portions of the data set. Furthermore, PCA suggests that hydrologic processes drive 50-56% of the variability and redox conditions influence 35-42% of the variability. Together, these two factors explain > 90%
of the variability in the data set. Hydrologic processes appear to be slightly more important in the upstream transect, where conservative tracers indicate more surface water infiltration and less riverbed mixing than in the downstream transect.
Responses of Sr, Ba, U, and P
The response elements (Sr, Ba, U, P; Tables 6, 7) show considerable variation across sampling locations and times, with very large coefficients of variation (Table 1) .
Generally, a gradient across the well transects, with highest concentrations in the southeast, especially upstream, is consistent with the contribution of different groundwater sources to the riverbed.
Bromine correlates with Sr, Ba, and U in both transects and also with P in the downstream transect (Table 3) . Principal component analyses (Table 5 ) also show the association of response elements with Br. In both transects, PC 1 shows moderately high scores of matching sign for Br, Sr, Ba, and U. Downstream, P also matches Br in PC 1.
Since PC 1 accounts for the majority of the data variance and shows Mn scores of lower magnitude than those of Br, these statistical analyses indicate a principal influence of hydrologic processes on these response elements.
The residuals from the Br-based linear regression model correlate positively with P in both transects and with Ba in the downstream transect ( Table 3 ), indicating that variability in P (in both transects) and Ba (downstream) is not completely explained by hydrologic processes. Similar correlations of P and Ba with Mn further suggest that these two elements respond to changes in redox biogeochemistry. In the PCA from both transects (Table 5) , PC 2 has high scores of matching sign for Mn and P, indicating that this PC accounts for variability due to redox conditions and that P responds to this variability. Upstream, P in PC 3 shows a notably high score with opposite sign from that of Mn. Downstream, U scores highly and Sr scores moderately on PC 2, and their signs are opposite from that of Mn. These last two observations suggest responses to redox conditions that are relevant, yet opposite, to that of Mn.
Strontium transport appears to be dominated by hydrologic processes with a slight influence of redox chemistry downstream. This contrasts a previous study in a cobble-bed stream, where retention of Sr relative to a conservative tracer was described (Kennedy et al., 1984) . Nevertheless, no association between Sr and redox chemistry was expected, and none was observed. The discrepancy between these two studies may be explained by greater amounts of clay minerals in the riverbed sediment or by incorporation of Sr into calcite (CaCO 3 , e.g., Tesoriero and Pankow, 1996) in the study of Kennedy et al. (1984) .
This latter mechanism is not addressed in either of these studies, yet the strong association of Sr with hydrologic processes in our study may suggest that calcite precipitation does not control trace element mobility at the Merced River.
Barium and uranium are controlled by hydrologic processes in both transects, and also by biogeochemical processes downstream. Redox influence on Ba can be explained in part by sorption to Mn oxides (Tonkin et al., 2004) . Anti-correlation between U and
Mn scores in downstream PC 2 are consistent with the opposite effects of redox conditions on the stability of Mn-and U-containing solids (Lovley and Phillips, 1992) .
Well location is an important predictor variable for both elements: the aquifer http://www.dhs.ca.gov/ps/ddwem/chemicals/MCL/EPAandDHS.pdf).
Phosphorus variability is not explained well by hydrologic processes in either transect, though they do appear to have some effect downstream, where concentrations significantly exceed those of the upstream transect (t-test, p < 0.05; Tables 1, 7) .
Phosphorus is expected to enter the river subsurface by decomposition of dissolved organic matter (e.g., Krom and Berner, 1981) and by the transport and breakdown of fertilizer from the local aquifers. When P loads to a river are high, sediment P sorption capacity can be saturated (Haggard et al., 2005) . Thus, higher concentrations may lead to hydrologic control of P transport in the downstream transect, whereas lower concentrations upstream are governed by redox processes.
The effect of redox conditions on P appears to be relevant, yet inconsistent.
Principal component analysis scores of P and Mn are high in PCs 2 and 3 in the analysis corresponding to each transect. However, the signs of the scores are the same in PC 2 and the opposite in PC 3. This indicates that reductive dissolution of Mn-oxide minerals may also release sorbed P, but also that dissolved P may increase during oxidizing conditions that lead to Mn precipitation. Taken together, these contrasting signals lead to overall weakly significant correlations between P and Mn. Many dissolved forms of P, including most phosphate species, sorb to Fe and Mn oxides (Arias et al., 2006) , which can control dissolved P concentrations through their response to redox conditions (e.g., Gächter and Wehrli, 1998) . Oxic conditions may stimulate microbial breakdown of particulate organic matter, a process that mobilizes P (Qiu and McComb, 1994) . Based on the relative importance of PC 2 and PC 3, sorption to metal oxides appears to be about twice as important for P mobility than organic matter decomposition in this river reach.
CONCLUSIONS
Results presented in this study show that hydrological processes, which are probably closely related to regional irrigation patterns (Phillips et al., 2007) These results complement prior reports on the behavior of nutrients and pesticides at this field site (Gronberg et al., 2004; Domagalski et al., 2008a Domagalski et al., , 2008b Puckett et al. 2008 ) by suggesting that changes in groundwater flow derived from agricultural irrigation control inorganic solute transport in river subsurface. Differences in the controls of Ba, U, and P in the two proximal transects suggest a complex connection between aquifer flowpaths and the riverine subsurface.
Previous research on transport and biogeochemical processes in the hyporheic zone has focused on streams with unperturbed hydrology. This study suggests that nearby agricultural irrigation influences the distribution of solutes in the subsurface. With Circles indicate locations where samples for analysis of specific conductance, manganese, strontium, barium, uranium, phosphorus, bromine, and dissolved organic carbon were collected in each transect. Dimensions are not to scale. 
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